Introduction
Dystonia is commonly seen in movement disorder clinics, occurring in a variety of phenotypic and pathophysiological forms either as an isolated symptom or in combination with more complex phenomenology [1, 2] . It can be difficult to treat pharmacologically and can sometimes be refractory to botulinum toxin injections [3] [4] [5] . Deep brain stimulation (DBS) is an alternative surgical modality that has demonstrated pronounced benefit in treating some types of dystonia [6] [7] [8] [9] .
It is generally accepted that posterolateroventral placement of electrodes in the sensorimotor part of the globus pallidus internus (GPi) is ideal [10] [11] [12] . This area has been favored due to ablative surgery data from the 1950s, and the efficacy of both DBS and pallidotomy in Parkinson's disease [13] . However, this location is relatively
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large with little consistent published data to support an optimal lead location [14] . One study looking at pallidal DBS outcomes found a variable clinical response in dystonia patients. This was irrespective of mean lead location when comparing lead location in relation to GPi borders in both good and bad responders [12] . Another study looked at the active contact location in Parkinson's disease, cervical dystonia (CD) and generalized dystonia (GD) patients who had undergone bilateral GPi DBS. The investigators found that active contacts were similarly placed among groups and that exact placement of the electrodes as measured by various landmarks and borders of the GPi had no significant bearing on clinical outcome [15] . Vayssiere et al. [11] did find some differences in the anterior-posterior direction in terms of optimal target location of the right lead in bilaterally implanted dystonia patients depending on the predominant anatomical location of the patient's dystonia. Finally, Cheung et al. [14] recently used computational models looking at volumes of tissue activation retrospectively in implanted DYT1 GD patients. While there was a broad area of stimulation, they did find a smaller area of overlap indicating a possible more defined target location.
There are no known studies using a functional atlas in a multipatient normalized space to assess the optimal pallidal DBS target location for dystonia. Nonlinear normalization provides a truer estimate of the postoperative anatomical location of DBS leads as opposed to more conventional approaches that rely on an anterior-posterior commissure coordinate system [16] . Termed CRAVE, our center employs such an atlas to assist with preoperative, perioperative and postoperative care. We have previously demonstrated the accuracy of this method based on predictions of anatomical landmarks as well as by correlating statistical maps of electrophysiological data with underlying anatomy [16, 17] . In this study, we used this technique in a large portion of our pallidal implanted dystonia population in attempts to better identify the optimal target location within the GPi for CD and GD. Good and poor responders as determined by 6-month postoperative data were compared. Given that in the literature patient selection and patient characteristics may also influence clinical outcomes, in-depth chart review was employed.
Methods
We conducted an institutional review board-approved retrospective review of the pallidal implanted DBS CD and GD population at Vanderbilt University from January 1996 until June 2011. DBS surgeries were performed using a miniature stereotactic frame, the microTargeting platform ® (FHC Inc., Bowdoin, Me., USA), and a multipass approach for microelectrode recording and microstimulation. Details of this center's surgical technique have been published elsewhere [18, 19] . The GPi was targeted using general parameters from the midcommissural point at 17-20 mm lateral, 0-3 mm anterior and 0-3 mm inferior. The planned target was in the posteroventral aspect of the GPi just superior to the optic tract. Surgeries were performed by 2 functional neurosurgeons well experienced with DBS.
Candidates were identified from records of pallidal DBS implanted dystonia patients at our center during the aforementioned time period who had appropriate preoperative MRIs, pre-and postoperative CTs, and at least 6 months of programming followup. Typical CT images were acquired at kVp = 120 V, exposure = 350 mAs and 512 × 512 pixels. In-plane resolution and slice thickness were 0.5 and 0.75 mm, respectively. MRI images (TR 12.2 ms, TE 2.4 ms, 256 × 256 × 170 voxels, with typical voxel resolution of 1 × 1 × 1 mm 3 ) were acquired using the SENSE parallel imaging technique (T1-weighted/3-dimensional, 3D/transient field echo) on a Philips 3-tesla scanner. The Toronto Western Spasmodic Torticollis Rating Scale (TWSTRS), Burke-Fahn-Marsden scale (BFM) and the Clinical Global Impression (CGI) score were used to assess dystonia severity and change in clinical outcome postoperatively. The TWSTRS and BFM were performed by the same rater preoperatively. CGI scores were determined by the treating physician.
CGI scores were the primary marker of clinical change after surgery given the unavailability of TWSTRS and BFM postoperative scores in all patients. A score of 1-2 defined a good responder and 3-7 a poor responder. On the CGI scale, a 3 equates to minimal response and a 4 to no response. Scores above 3 are progressively more efficacious responses, and scores below 4 are progressively more negative responses. Individual patients were also separated into CD and GD groups. These diagnoses were taken from the treating movement disorder specialists' expert opinion as documented in the chart and confirmed on video review by the principal investigator. This created 4 distinct groups for analysis: CD good, CD poor, GD good and GD poor. Imaging data from the selected patients were inputted into the functional atlas and visualized into a normalized MRI volume. Details of our atlas system as well as the registration process of patient data have previously been described [20] . Briefly, for each patient, the leads and individual contacts were extracted using a fully automatic algorithm. Then, the preoperative CT was registered to the preoperative MRI using an automatic mutual information-based rigid registration process, and the preoperative MRI was registered to the atlas MRI using a nonlinear image registration process [17, 20] . The locations of the electrodes and the individual contacts were extracted from the lead identified in the postoperative CT. Using the transformations described above, the locations of active contacts from the patients were next mapped onto the atlas or normalized imaging space. This normalized space was visualized as MRI images that could be analyzed both in 2-dimensional (2D) and 3D space.
Forty-six dystonia patients were found from this time period whose data had been placed in our functional atlas. Six patients did not have CD or GD so were excluded. Fifteen patients, including 2 excluded for more rarely implanted dystonia, were removed due to inadequate imaging data not compatible with the current software. Ultimately, 27 patients were included in this study. Patient 19 characteristics deemed pertinent given the literature referencing patient attributes that possibly influenced clinical outcome were obtained from medical records [21] [22] [23] [24] [25] [26] [27] [28] . These variables included medical comorbidities (diabetes, hypertension, hyperlipidemia, chronic obstructive pulmonary disease, coronary artery disease), DYT1 genetic testing, primary (e.g. no known neurodegenerative disorder, cerebral palsy or other initiating cause as well as no basal ganglia changes on MRI) versus secondary, fixed skeletal deformities, dystonia duration, demographic information, TWSTRS score or BFM preoperative score, fixed (defined as 'fixed' if 5 s on duration subscale on TWSTRS or multiple recorded 4 s on the BFM that was confirmed by visual assessment of the patient's testing video) versus dynamic presentation, operating surgeon and time of surgery.
Investigators computed the centroid or mean location of the active contact of the group clusters in X, Y, Z space as measured from the anterior-posterior commissure midcommissural point as well as the standard deviation or variance of the group clusters. This was done both for the left and right sides separately as well as for an overall average of both sides. When more than 1 active contact was present in individual patients, the cathode was selected as the active contact in bipolar configurations and the average cathode in instances of double or triple monopolar configurations. Statistical differences in centroid parameters were calculated using independent t tests. An ANOVA with a Bonferroni correction for multiple comparisons was used to assess differences in patient characteristics amongst groups when analyzing continuous data. Fisher's exact test was performed on all categorical data of patient characteristics. The exact test was not adjusted for multiple comparisons. Individual groups were compared against the rest of the sample population. All statistics were performed using Stata/IC 12.0 software.
Results
Twenty-seven patients (53 leads) were included in this analysis. With the exception of one unilateral placement for CD, all were bilateral implants. All implants were simultaneously placed with one exception where leads were placed 1 week apart. There were 9 CD good responders (1 patient had the unilateral implant) and 4 CD poor responders. There were 7 GD good and 7 poor responders. Patient imaging data was collected and aligned into a normalized space. Figure 1 depicts all patients' individual active contacts in normalized space on the 2D MRI image. Figure 2 depicts the patients divided into CD and GD as well as good versus bad responders in 3D. There is some clustering, especially in CD good versus poor responders. However, active contacts were noted to be distributed across a wide area in the posterolateroventral aspect of the rendered GPi, especially in the cumulative map ( fig. 1 ) and the GD map ( fig. 2 b) . The underlying GPi segmentation was created by individually tracing the outlines of the GPi in our MRI atlas.
Centroids and degrees of variance of the active contacts in each of the groups are depicted in table 1 . Coordinates were reported as lateral, anterior and inferior which are the X, Y and Z coordinates, respectively. There was some separation of the centroids among groups but rarely was this statistically significant. The only statistically significant finding was that, inferiorly, the CD good and CD poor as well as CD poor and GD poor groups had notable separation (p = 0.0084 and p = 0.0024). Still, it should be noted that the CD good group (22.52, 2.69 and 1.04 mm) seemed distinct from the GD good group (23.32, 2.40 and 1.45 mm). Also, when comparing CD good versus CD poor and GD good versus GD poor, there were pronounced differences, most notably inferiorly (1.04 vs. 3.30 mm and 1.45 vs. 0.33 mm). Variances were large at all points, indicating a fairly wide spread distribution of individual target locations and eliminating the chance for much statistical significance. This can be seen again in figures 1 and 2 .
Demographic and surgical data on patient characteristics of interest were listed in table 2 . Genetic testing of DBS candidates is not common practice at our center and not included in the analysis. Of the 6 patients who had undergone genetic testing, only 1 patient was positive for DYT1 and was represented in the GD good responder group. Most variables were not significantly different between groups but there were a few differences of note. The GD poor responder group contained a high number of the secondary dystonia participants (83%, p = 0.001); 72% (5/7) of the GD poor responders were secondary dystonia cases. Age at diagnosis was significant between groups (p = 0.0016) with a test of multiple comparisons revealing that GD good and GD bad were both individually different from the two CD groups. GD poor responders (18.43 ± 26.79 years) were the youngest, and CD poor responders were the oldest (57.86 ± 7.82 years). CD good responders had the shortest duration of symptoms (6.11 ± 3.35 years) whereas GD good responders had the longest (23.91 ± 17.14), significant at p = 0.013. Finally, age at surgery was significant between the two poor responder groups (p = 0.053).
Discussion
This study used a functional atlas with normalized imaging space to assess whether there was an optimal pallidal target location for CD and GD patients. There was a difference in the average active contact location between the CD and GD dystonia patients as well as good and poor responders, especially inferiorly. CD poor responders showed the only statistically significant difference in average active contact location when they were compared to CD good and GD poor responders in the Z plane (superior-inferior or dorsoventral direction). The standard deviations were fairly large, and the degrees of variance overlapped between groups in most directions, eliminating much chance for statistically significant results. The large variances reflected the amount of difference seen in individual active contact locations. Imaging data demonstrates the same spread of individual active contact location seen with the raw data. The CD map did show the most notable clustering of active contacts between good and bad responders, reflecting perhaps more uniformity amongst the disease phenomenology in this group. GD is clinically a much more heterogeneous condition which seems to be reflected in the greater variance in active contact location. Albeit with a limited sample size, this study suggests that there is not an optimal target location within the GPi and that clinical outcome is not dependent on precise coordinates within the posterolateroventral portion of the GPi. While the hope was to see definite anatomical separation between good and poor responders as well as different types of dystonia using this technique, the findings are in accordance with findings in the literature using older, more traditional methods of lead localization [12, 15] . The review of patient characteristics suggests that patient selection has the potential to have more bearing on clinical outcome than precise targeting and should likely be the focus of DBS programs in the future.
Published data is limited on the ideal dystonia target location within the posterolateroventral GPi as well as how clinical outcome or dystonia type may correlate with target location. Further, the standard postoperative imaging with MRI or postoperative MRI fused with preoperative CT scans used in prior studies can be suboptimal to accurately visualize lead location [13] . Hamani et al. [15] retrospectively assessed Parkinson's disease, CD patients and GD patients who had undergone GPi DBS. They found no statistical difference in location between groups or any correlation with location and clinical outcome. Starr et al. [12] analyzed data on a variety of implanted dystonia patients using MRI sequences. Mean lead tip and The table depicts the target coordinates of the centroids and degrees of variance as measured from the midcommissural point of good and poor responders in both the CD and GD groups. n = Patient number; L = lead number; SD = standard deviation; good = good responder; poor = poor responder; lateral = X plane; anterior = Y plane; inferior = Z plane. The table depicts characteristics of the good and poor responders in both the CD and GD groups. Age at diagnosis, age at surgery, date of surgery and duration of surgery p values were calculated using an ANOVA. Significant ANOVA and Bonferroni calculations are reported separately in the paper. Numerical values for these variables in the rows reflect means ± standard deviation. Other variable p values were calculated using Fisher's exact test. p values from comparisons between groups and rest of the sample population are reported. p < 0.05: statistically significant difference. n = Participant numbers; HTN = hypertension; DM = diabetes mellitus; CAD = coronary artery disease. 1 BFM p values were calculated from 3 and 6 patients in the GD good and poor groups, respectively. *Indicates statistical significance. active contact location did not significantly differ between good and bad responders [12] . The investigators did state that mean lead tip location for their patients was 20 mm lateral, 2.5 mm anterior and 5.8 mm inferior to the midcommissural point [12] . Pinsker et al. [29] in turn more recently defined their target as 20.76 mm lateral, 2.75 mm anterior and 1.95 mm inferior to the midcommissural point using a fast spin echo inversion-recovery sequence and T1-weighted MRI sequence. Starr et al. [12] cite others who have published similar coordinates to their results for GPi targeting [11, 25, 27] . Most of the cited authors present little data on targeting of good versus bad responders or targeting of individual dystonia subtypes. Interestingly, Cheung et al. [14] used an innovative and different approach using computationally derived volumes of tissue activation to retrospectively define the GPi target in a collection of DYT1 GD patients. The overall stimulated area was large but there was a smaller area of overlap, indicating a possible optimal stimulation area [14] .
Unlike others, Vayssiere et al. [11] did look at different anatomical types of dystonia and found that, on the right side, there were statistically significant differences in optimal contact location, suggesting a somatotopic organization of the GPi. This group found that, in bilateral good responders, the right active contact position was more posterior for predominant symptoms in the superior limb, and more anterior and central for symptoms predominant in the inferior limb [11] . Some microrecording data also suggests that cells correlating with the leg seem more consistently central, and that those correlating with the arm and face are more caudal/posterior [30] or more in the dorsoventral GPi segment [31] . Given that dystonia patients in our study did not have individual clinical ratings for each limb, it is difficult to make accurate comparisons. There did seem to be separation between groups in our study but the amount of variability in individual target location makes it difficult to make assessments about the GPi somatotopic organization.
Patient characteristics that may influence DBS outcomes have been better researched. Studies of GD have suggested that younger age at surgery, shorter duration of disease, mobile posture, DYT1 status and a primary dystonia diagnosis predict a better clinical outcome [21] [22] [23] [24] [25] [26] [27] [28] . With the exception of a primary dystonia diagnosis, these findings are too inconsistent to make definitive conclusions. Other investigations have failed to find any patient characteristic that predicts clinical outcome [8, 28] . Our findings support prior observations that secondary dystonias did not respond as well to GPi DBS as primary dystonias. GD good responders had an older age at surgery and longer duration of disease until surgery despite a lack of statistical significance when compared to the GD poor responder group. We believe this difference reflects the complicated nature of the secondary dystonias that tended to be diagnosed and surgically treated earlier at our center. For the CD population, surgery is typically performed at an older age than GD given the later disease presentation. Several studies have not seen a correlation of better outcomes with a shorter disease duration at time of surgery and younger age at time of surgery as potentially in the GD population [5, 9, 32] . In this study, the CD good responders were younger and had a shorter disease duration at time of surgery as compared to CD poor responders, suggesting that, with our population, performing surgery earlier was beneficial. Notably, duration of disease at time of surgery was not statistically significant in the CD good versus poor responders. Our primary statistical differences in age and time to surgery between groups were more a reflection of the different GD and CD populations.
There were several potential shortcomings of this study. Although the sample size is relatively large for a dystonia DBS study, it is still too small to make far-reaching conclusions about clinical outcomes. Dystonia is such a variable entity that conclusions about its treatment are inherently difficult. Further, in 20 patients, 1-month postoperative CT scans were used for nonrigid registration. In the other 7, only immediate postoperative scans were available. Pneumocephalus present on the immediate postoperative scans may have impacted results. However, when analyzed, the width of pneumocephalus in the dorsoventral direction and the distance to the centroid of all active contacts were not linear (R = 0.31), making this impact less clear. We cannot say with certainty either whether the clinical outcome is a cumulative response of bilateral lead placement or potentially the result of one well-placed singular lead. Finally, the use of the CGI score to assess the clinical outcome is certainly not as desirable as standardized ratings such as the TWSTRS or BFM. In this study, however, the objective was not to quantify changes in clinical outcome on a continuous scale; thus, the comparison was made between good and poor responders. The authors believed the CGI score after DBS sufficiently assessed this difference in outcomes.
In conclusion, this study used a functional atlas and normalized imaging space to more accurately assess the optimal target location of pallidal DBS for dystonia. This work is representative of how useful this technology can be in postoperative lead comparison. We discovered a significant overlap in active contact between the good and nonresponder groups and between CD and GD groups, suggesting that the target area may be broader than previously reported. A multicenter trial using this technique would be useful to make more definitive conclusions about the target area. Defining the region of influence for GPi stimulation is an important topic given the challenges of postoperative programming in this population (e.g. long time intervals until stimulation induced clinical benefits often of several months duration and a lack of accepted programming parameters) as well as challenges inherent with more complex DBS apparatus involving more contact selections potentially on the horizon. Ultimately, however, patient selection may be a more important factor in determining outcomes from DBS. In this study, primary dystonias had better outcomes than secondary dystonias, regardless of CD or GD status. CD patients implanted with a shorter duration of disease also had superior results.
